A 2-deoxy-~-glucose-resistant mutant of a pLZl5-cured derivative of Lactobadhs casei ATCC 393 was isolated on agar medium containing 10 mM 2-deoxy-~-glucose and 5 g lactose I-'. The mutant was impaired in the main glucose transport mechanism, a PTSman-type system. Additionally a protonmotive-force-dependent glucose permease was detected. The growth response and the sugar consumption rates of the wild-type and the PTSmn-deficient mutant suggested that the mutated element of the complex IIABCman was, in the wild-type, responsible for a strong repression by glucose and mannose of the lactose and ribose assimilation genes, while assimilation of galactose was only weakly repressed. It is postulated that they are regulated by a different mechanism of catabolite repression.
INTRODUCTION
In a number of bacterial species, the most efficient mechanism of sugar entry into the cell is via the phosphoenolpyruvate (PEP)-dependent phosphotransferase system (PTS) (Romano e t al., 1979) . The PTS involves three to four enzymes performing a phosphate group translocation from PEP to the sugar residue, which is transported to the cytosol. The PTS system has long been considered the main signal transduction system in prokaryotes, triggering a number of regulatory pathways, from chemotaxis (Lengeler e t al., 1981) to the control of biochemical pathways and the repression of a number of genes, which in most cases are related to the use of sugar polymers or alternative carbon sources (see Meadow e t al., 1990 ; Saier & Reizer, 1992; Postma e t al., 1993) .
In Escbericbia coli, glucose reaches the cytoplasm mainly Abbreviations: PEP, phosphoenolpyruvate: PTS, PEP-dependent phosphotransferase system : PTSglC, PTSga' , PTSman, PTSnag, PTSlaC, respectively identifying sugar-specific PTS for glucose, galactose, mannose, Nacetylglucosamine and lactose; CCCP, carbonyl cyanide m-chlorophenylhydrazone; IAA, iodoacetic acid; PMB, phosphate buffer (pH 7.4) containing 1 mM MgCI,; ZDG, 2-deoxy-o-glucose; a-MG, methyl a-oglucopyranoside; PMF, proton-motive force.
via a glucose-specific PTSglc and via the mannose-specific PTSman (Bitoun e t al., 1983; Erni & Zanolari, 1986; Erni e t al., 1987) . However, it can also be transported by other PTS systems, such as the N-acetylglucosamine-specific PTS (PTSnag). Both PTSg" and ITSrnan have greater affinity for glucose than for mannose and they can also transport other hexoses and sugar analogues, which can be used to differentiate the two systems: for example, 2-deoxy-~-glucose (2DG) and methyl a-D-glucoside (a-MG) have specific affinity for the complex IIman and I I~" respectively.
Among Gram-positive bacteria, streptococci have been reported to possess both the PTSg" and PTSman systems, in addition to a proton-motive-force (PMF)-driven permease, while Bacillus spp. have been found to use the PMF-permease and a PTSglc exclusively (Meadow et al., 1990 ; Gonzy-Trkboul e t al. , 199 1 ; Tanguey e t al. , 1993).
In the lactic acid bacteria Lactococcus lactis and Pedzococczss balopbilm, glucose has been shown to be transported via PTSrnan and a specific PMF-dependent glucose permease, and the existence of a PTSrnan in Lactobacillus casei has been suggested (Chassy & Thompson, 1983a, b ; Thompson & Chassy, 1985; Abe & Uchida, 1989) . These findings suggest that lactic acid bacteria lack a PTSg" homologous to that of E. coli. However, the regulatory role of PTSman
in these organisms is yet to be fully ascertained. Inducer exclusion assays performed in Lc. lactis (Thompson & Chassy, 1985) and P. halophilas (Abe & Uchida, 1989) suggested that glucose was involved in the inducer exclusion event, and possibly in the repression of the transcription of the transport or metabolic genes necessary for the assimilation of lactose, galactose and xylose.
The objective of the present work was to study the elements involved in the transport of glucose and catabolite repression, in the wild-type and a 2DG-resistant mutant of Lb. casei.
METHODS
Bacterial strains and culture conditions. Lactobacilhs casei ATCC 393, cured of plasmid pLZl5, was kindly provided by D r B. Chassy (University of Urbana-Champaign, IL, USA). Strains were routinely cultured under static conditions at 37 "C. The fermentation pattern of the strains was determined on a range of 18 different sugars in microtitre plates (Jayne-Williams, 1976 ).
For the experiments on sugar consumption and diauxic growth, strains were grown on basal medium, containing per litre : Bactopeptone (Difco), 10 g ; meat extract (ADSA-MICRO SA), 8 g ; yeast extract (Difco), 4 g ; K,HPO,, 2 g ; sodium acetate, 5 g ; ammonium citrate, 5 g ; MgSO,. 7H,O, 0.2 g ; MnSO,. 4H,O, 0.05 g ; and Tween 80, 1 ml. The medium was supplemented with 1.5 g 1-1 glucose or mannose and 5 g 1-' of the second sugar tested: lactose, galactose or ribose. The components of MRS medium were those of the basal medium with the addition of 20 g glucose 1-1 (Oxoid). Mutants resistant to 2DG were isolated on Fermentation MRS agar plates (ADSA-MICRO), which contained all the components of MRS except meat extract, K,HPO, and glucose.
PEP-dependent PTS activity and glucose phosphorylation assay in permeabilized cells. The PTS activity, estimated as the consumption of PEP in the presence of glucose, mannose and a-MG, was determined according to Chassy & Thompson (1 7 83a).
The procedure used to measure the amount of glucose 6-phosphate formed was that of Abe & Uchida (1989) with some modifications. L b . casei was grown to early stationary phase (16 h) in 50 ml basal medium with 5 g glucose 1-' , and the cells collected by centrifugation. Cells were washed twice with 0.01 M potassium phosphate buffer (pH 7.4) containing 1 mM MgC1, (PMB), and finally resuspended to a concentration approximately equivalent to 20 mg dry weight ml-'. Cellular reserves were depleted by preincubation of the cell suspension for 10 min at 37 "C. Then iodoacetic acid (IAA) was added (10 mM final concentration) and incubation continued for a further 20 min at 37 "C. Cells were permeabilized by adding 30 p1 toluene/acetone (1 : 9, v/v) ml-' followed by vortexshaking for 5 min. Suspensions were kept on ice until use. The phosphorylation assays were performed in 1 ml of a mixture containing 50 mM triethanolamine (pH 7-4), 10 mM MgCl,, 5 mM PEP or ATP (as indicated), 1.5 mM NADP, 3 units glucose-&phosphate dehydrogenase, 200 pg dry weight of cells and glucose at varying concentrations, from 0 to 10 mM. The phosphorylation reaction was followed by measuring the change in A,,, at room temperature. Activity is given as nmol phosphorylated glucose min-' (mg dry weight)-'.
Glucose transport assays. ~-[ '~C ] G h c o s e
uptake by whole cells of Lb. casei was estimated according to Chassy & Thompson (1783a, b) . Cells grown in 250 ml basal medium with 5 g glucose 1-' to OD,,, 0.4-0.6 were collected by centrifugation, washed twice with PMB and finally resuspended in 5 ml PMB. Keeping the cells on ice at this stage is essential to maintain PEP potential. The amount of cells used for each assay corresponded to 100 pg dry weight ml-'. Four flasks were used for each strain, containing 15 ml of the cell suspension in PMB with 10, 25, 75 and 125 pM glucose at 37 "C. T o another set of four flasks for each strain, CCCP was added to a final concentration of 0.1 mM. At different time intervals after the addition of ~-[U-'~C]glucose (0.3 mCi mmol-' 11.1 MBq mmol-'; Amersham), 1 ml aliquots were withdrawn and quickly cooled by mixing with 10 ml ice-cold PMB. The samples were then filtered through 0.45 pm membrane filters (HAWP 02500, Millipore) and further washed with 10 ml ice-cold PMB. Filters were dried and dissolved in scintillation cocktail (Hisafe3, LKB). Radioactivity was quantified with a scintillation counter (Pharmacia-LKB Biotechnology).
Growth pattern determination.
The preferential use of different sugars by L b . casei was determined in cells grown on basal medium containing 5 g 1-' of glucose, lactose, galactose or mannose, as indicated. When the stationary phase was reached, cells were subcultured into 50 ml basal medium containing 1.5 g 1-' glucose or mannose (preferential sugars) and 5 g 1-1 of lactose, galactose or ribose, according to the experimental design. The initial OD,,, was 0.1. Periodically, samples were taken to measure growth (as OD,,,) and sugar content.
Analysis of sugars.
The concentrations of glucose, galactose, lactose and mannose in culture supernatants were determined spectrophotometrically as described by Bergmeyer (1 984). All enzymes and chemicals were purchased from Boehringer Mannheim.
RESULTS AND DISCUSSION

Isolation of a 2DG-resistant mutant 393
A spontaneous mutant resistant to on Fermentation MRS agar plates lactose as carbon source and 10 mM of Lb casei ATCC 2DG was isolated containing 5 g I-'
2DG. This strain, named BL23D, displayed a sugar fermentation pattern identical to the wild-type, with the difference that its specific growth rate on basal medium with glucose (0-071-0-077 h-l) was slower than that of the wild-type (0*0884091 h-'). As shown below, this mutant proved t o be deficient in the PTSman system.
Growth pattern on glucose and mannose
The growth response of mutant BL23D and the wild-type were compared on basal medium supplemented with a mixture of 1.5 g glucose 1-1 and 5 g mannose 1-l. In the wild-type, the consumption of mannose only started when glucose had been almost exhausted (Fig. la) . However, in strain BL23D both sugars were simultaneously assimilated (Fig. 1 b) . These data suggested that the mutation in strain BL23D affected a system that had a greater affinity for glucose than for mannose. The fact that the mutant could still grow normally on glucose and mannose, and that it could also use them simultaneously, strongly suggested the presence of an additional common transport mechanism with identical affinity for both sugars, or independent transporters.
PTS activity
The glucose transport activity due to the PTS or a PMFdependent permease can be quantified by three different methods : (i) measurement of the glucose phosphorylation rate, in permeabilized cells, from PEP and ATP; (ii) measurement of the consumption of PEP in the presence of a given sugar by permeabilized cells; and (iii) quantification of the [14C]glucose accumulated by whole cells in the presence and in the absence of an ionophore such as CCCP.
Consumption of PEP in the presence of different sugars was used to compare the transfer of phosphate groups from PEP due to the presence of glucose, mannose and a-MC; in cells of BL23D and the wild-type grown on glucose or mannose. Phosphorylation activity due to glucose and mannose was between 10 and 100 times greater in the wild-type than in the mutant. When cells Nevertheless, a weak phosphorylation activity was still found in mannose-preadapted cells, which could have been due to the presence of another transport mechanism for mannose, or to a differential loss of specificity of the mutated element for glucose relative to mannose. The lack of activity in the presence of a-MG suggested that the PEP-dependent phosphorylation was due to sugarspecific components of the IIABCman type.
Glucose phosphorylation from PEP or ATP as phosphate group donor was also directly measured with permeabilized cells (Fig. 2a) . Only a residual level of glucose was phosphorylated in the presence of PEP by the mutant. The mean apparent K , of the reaction in the mutant (2370 pM) was 100 times greater than in the wild-type (24 pM). This clearly suggested that the mutant was impaired in the enzyme IIman complex. These data were in agreement with the results obtained from PEP consumption.
The incorporation rate of [14C]glucose by wild-type Lb. casei showed a typical self-regulated PTS pattern (Mason e t al., 1981) . CCCP was used to dissipate the PMF necessary for solute transport by the known glucose permeases. Incorporation of [ 14C]glucose by the mutant was much lower than that by the wild-type (Fig. 2b) . However, it ceased when CCCP was added to the reaction mixture. In the wild-type, the addition of CCCP had little effect on glucose uptake. These results indicated that, as was suggested by Chassy & Thompson (1983a, b) , the main functional transport system in Lb. casei is of the PTSman type, and that strain BL23D could be identified as a PTSman-deficient mutant, which could still transport glucose through a PMF-dependent permease. In order to confirm that Lb. casei ATCC 393 had a common uptake mechanism for glucose and mannose, [14C]glucose uptake was measured with increasing concentrations of mannose (Fig. 2c) . The data indicate that there is competitive inhibition of glucose uptake by mannose. Data in the absence of mannose yielded a K , identical to that found in the phosphorylation experiments (24 PM).
Growth and sugar consumption patterns
These variables have long been used as an efficient method of studying the regulatory functions of glucose (Monod, 1942; Strobel, 1993) . Pairs of sugars were added to the basal MRS medium in order to observe the preference for consumption of Lb. casei wild-type and the PTSma"-deficient mutant, as well as their growth pattern. Glucose and mannose were initially taken as the reference sugars with which others were combined. In all cases where growth was halted after a short exponential phase, this was coincident with the exhaustion of the preferred sugar, glucose or mannose. Growth was then resumed after varying lengths of time, which depended on the nature of the second sugar in the medium and the origin of the inoculum. In most instances, substantial differences were found if the inoculum used had been grown on one or the other saccharide.
Growth on glucose and lactose. Lb. casei ATCC 393 cured of pLZl5 was chosen for these experiments because the only remaining mechanism of lactose uptake was the chromosomally encoded PTS'"'. This allowed us to study, at least for this sugar, the effect of sugar transport repression caused solely by glucose. Furthermore, normal lactose uptake during growth of the PTSman-deficient mutant proved that its enzyme I and HPr were not affected by the mutation.
Clear differences were found between the behaviour of the mutant and the wild-type. When a glucose-grown inoculum of the wild-type was grown on basal medium with glucose and lactose, growth stopped for almost 20 h after glucose was consumed (Fig. 3a) . This plateau was much shorter if the cells had been previously grown on lactose (Fig. 3c) .
The PTSman-deficient mutant displayed no diauxic growth on glucose/lactose medium, when the inocula came from either glucose or lactose basal medium (Fig.  3b, d ). However, differences were found with regard to sugar consumption. Cells previously grown on glucose did not start to utilize lactose until glucose levels were negligible ; while in the lactose-grown inoculum the decline of both sugars in the culture medium was simultaneous.
Glucose repression of the PTS'"' and the phospho-agalactosidase genes has been reported for different strains of Lb. casei (Chassy & Thompson, 1983a, b) ; the glucose repression was relieved in 2DG-resistant mutants. However, other aspects were not considered in those experiments, such as the 'bacterial memory' shown by cultures preadapted to glucose or lactose. Hence, the repression of lactose uptake in glucose-grown cultures lasted for 20 h, four times longer than in the lactose-grown cultures, indicatin that a more stringent negative modulation of the PTS" elements or repression of their genes was taking place. A retardation in lactose uptake was also observed in the glucose-grown PTSm""-deficient mutant. These data clearly suggested the involvement of the mutated element of the complex IIABC in the repression of PTS'"' and/or phospho-P-galactosidase genes in Lb.
casei ATCC 393. During growth on glucose, the PMFpermease would have been fully functional, while the PTS'"' elements and the phospho-p-galactosidase would not have been induced (Fig. 3a, b ).
Lactose and P-galactosides induce the PTS'"' genes (Chassy & Thompson, 1983b) ; a certain degree of transport is necessary for induction. It has been suggested that PTSman in Lb. casei and Lc. lactis is related to the expulsion of lactose phosphate analogues (Thompson & Saier, 1981 ; Chassy & Thompson, 1983b) , although other authors have attributed the inducer expulsion effect in heterofermentative lactobacilli to HPr (Reizer e t al., 1988) . Alternatively, exclusion of the inducer could be achieved by competition of PTSm"" and PTS'"' for a common phosphorylated intermediate (i.e. HPr). PTSm"" activity in stationary-phase Lb. casei wild-type was always high and constant [16-01-19 .5 nmol min-' (mg dry weight)-'], regardless of whether the cells had been grown on glucose or lactose. Thus, if PTS""" elements were playing the postulated role in Lb. casei, the constitutive PTS""" elements would promote the expulsion of lactose until glucose was totally consumed; and then the remaining PTS'"' molecules could slowly begin lactose transport, which would induce lactose assimilation, thus restoring growth. This hypothesis could explain the behaviour of the wild-type strain, pregrown on lactose.
The inability of the wild-type to take up lactose for 20 h suggested the involvement of the PTSm"". The PTS'" activity of Lb. casei ATCC 393 grown to the stationary phase on glucose was very low [1-45 nmol min-' (mg dry weight)-']. Therefore, when the cells were exposed to the glucose/lactose medium, the active PTSlaC elements remaining after glucose was consumed might not suffice for titrating out the repressor of a putative lactose operon. The long lag might thus correspond to a long turnover time of the PTSma"-linked repressor protein. The regulation of the lactose operon in Lc. lactis was described by Van Rooijen e t al. (1993) ; it remains to be demonstrated whether that in Lb. casei ATCC 393 is similarly regulated.
Growth on glucose and galactose. Both wild-type and mutant displayed a similar pattern of growth from both glucose-grown and galactose-grown inocula (Fig. 4) on glucose/galactose medium. The wild-type showed a faint inflexion (1 h) when the level of glucose was close to zero, while in the mutant such inflexion was not so clearly observed. Glucose was quickly consumed by the wildtype, and only then did galactose levels start to drop (Fig. 4a, c) . This was also true for the mutant grown consumption of both sugars declined simultaneously (Fig.  4b, d ). The behaviour of the mutant was similar to that found on basal medium with glucose and lactose, indicating that in this mutant a priority for glucose still remained after prolonged growth on glucose, galactose genes could not be induced. This indicates that some factor other than PTS""" elements, possibly a product of glucose catabolism, inhibited galactose uptake or metabolism.
Growth on mannose with lactose or galactose. A parallel has been found in this work between transport systems for glucose and those for mannose in Lb. casea' ATCC 393. To determine the role of PTSma" in the mechanism of repression, glucose-grown cells were used to inoculate mannose/lactose and mannose/galactose media in order to investigate if mannose played a similar role to glucose in the uptake of other sugars.
on glucose ; but with a galactose-grown inoculum, the In the wild-type, the combination of mannose and lactose gave the same growth pattern as did glucose (Fig. 5a ), with plateau of over 20 h. In contrast to the results obtained with glucose/lactose medium, the mutant also displayed a clear diauxie (Fig. 5b) , indicating that inhibition of lactose assimilation still remained. This growth stasis suggested that mannose exerted a stronger catabolic repression on the lactose genes than did glucose. Alternatively, mannose may have another repression mechanism in addition to PTSman.
On mannose/galactose medium, no clear differences were found between the two strains, apart from the difference in their growth rate (Fig. 5c, d ). Apparently mannose was able to repress lactose genes, but not those related to galactose utilization.
Growth on glucose or mannose with ribose. The growth patterns of L b . casei ATCC 393 on basal medium with ribose as the second sugar were very similar to those found with lactose. The wild-type displayed clear diauxies with either glucose or mannose and ribose, while the PTSman-deficient mutant showed no pause in growth with glucose and ribose, although it showed a brief pause when grown on mannose and ribose (Fig. 6 ). These interesting results indicated that the uptake of ribose could be controlled by similar mechanisms to those regulating lactose assimilation in L b . casei ATCC 393. This will require confirmation by biochemical and molecular studies.
Conclusions
Two aspects of glucose transport in L b . casei ATCC 393
were addressed in this work: the transport mechanism, and its likely regulatory role in the transport of other sugars. Differences in behaviour between the wild-type and a 2DG-resistant mutant impaired in one of the elements of the complex IIABCman were demonstrated. The mechanism itself turned out to rely mainly on a PTSman-type of enzyme ; a PMF-dependent permease could also be detected.
Elements of the IIABC complex have been related to the inhibition of uptake of other carbohydrates by three different mechanisms : inducer expulsion, modulation of transport enzymes, and genetic repression (Chassy & Thompson, 1983a; Reizer et al., 1985) . Similarly, we found that the complex IIABCman was involved in control of the activity of the PTSlaC, probably by regulating the expression of a putative lactose operon, whose repressor could have a long turnover time. Ribose assimilation could be controlled by a similar mechanism. Other important features of the system were: (i) the PTSmanlinked repression of the genes controlling galactose uptake and catabolism was weaker than the repression of the lactose genes; (ii) mannose could repress the putative lactose operon as strongly as glucose, but it could not inhibit galactose uptake and assimilation, which suggested that the two groups of genes could be controlled by different mechanisms of catabolite repression ; and finally (iii) preferential uptake of glucose remained in the glucose-grown PTSma"-deficient mutant, suggesting that uptake of lactose and galactose was also negatively modulated by intermediates of glucose catabolism.
